This Letter reports the results of measurements of the irradiance auto correlation function of a 6328-Å He:Ne gas laser operating in two independent axial modes. The measurements were made with the use of time-to-amplitude converter tech niques 1 developed for the experimental determination of irradiance correlation functions. The advantages and limitations of this type of time domain measurement will be compared with those of the more conventional frequency domain measurements employing a scanning Fabry-Perot interferometer or an rf spec trum analyzer.
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Irradiance auto correlation functions of the type (:I(x,t)I(x,t + ):) have been calculated by several authors 2, 3 for the optical field produced by a laser operating in two independent axial modes. The colons denote that operators used to express the irradiance at point x, time t appear in normal order and the angu lar brackets indicate an ensemble average overall realizations of field irradiance. The irradiance correlation function of a laser operating in two axial modes of identical polarization and con stant amplitude is given by:
where (I(x)) = mean laser irradiance and ω j = center angular frequency of the j th mode. Now let us consider the following cases:
(1) if the two modes are phase locked Ƒ() = 1; (2) if the two modes oscillate independently, are of equal strength and their phase undergo a random walk type of diffu sion:
where D j is the phase diffusion constant of the jth mode, and is equal to 2Π times the linewidth of the jth mode; (3) if the two equal amplitude laser modes operate in some intermediate regime where they are neither phase locked nor com pletely independent;
where Φ 1 (t), Φ 2 (t) denote the phases of the two modes.
In principle, a detailed knowledge of ƒ() as a function of  can then be used to distinguish the three cases. As the number of axial modes present in the beam increases, the irradiance auto correlation function becomes more complex. For the case of three independent equal strength modes of the same polarization, equal adjacent mode spacing and equal mode linewidth, The apparatus shown in Fig. 1 was used to measure the ir radiance auto correlation function of a Spectra Physics Model 120 He:Ne gas laser operating in two independent axial modes. The mode structure of the laser was constantly monitored during the course of the measurements. Pulses from the individual photodetectors were amplified and standardized by the discrimi nators. The standardized pulses were then fed to the start and stop inputs of a time-to-amplitude converter (TAC). The TAC output pulses were then stored in one of the channels of a 512 channel pulse height analyzer. The height of each TAC output pulse is linearly proportional to the difference in arrival times of the start and stop input photodetector pulses. A delay cable was inserted before the stop input of the TAC so that simul taneously detected photons would be recorded by TAC conver sions of other than zero pulse height. The pulse height analyzer was allowed to accumulate TAC output pulses only when the laser mode amplitudes were within 20% of being equal. The rate, R(), at which the TAC produces conversions that correspond to two photons absorbed  seconds apart by the two photodetectors has been related to the irradiance correlation function in Ref. 6 Ξ() is denned as the actual rate at which TAC conversions are produced minus the rate at which TAC conversions are produced by a field with no correlated irradiance fluctuations divided by the TAC conversion rate for a field with no correlated irradiance fluctuations. R 1 and R 2 are the photodetector average counting rates, and θ 1 , θ 2 are dark current counting rate correction factors. T w is the TAC conversion range and T L the delay introduced preceding the stop channel of the TAC.
Measurements to determine the structure of Ξ() were made on both a single mode laser and a laser oscillating in two inde- Figs. 2(a) and 2(b) . The data accumulated in the pulse height analyzer for the two measurements is shown in Fig. 3 . All measurements were made with a TAC conversion range of 50 nsec and photodetector aver age counting rate of 2 × 10 5 counts/sec. The total counting time was 4.7 × 10 3 sec, and the TAC deadtime was 6 × 10 -6 sec. The irregularities in Figs. 3(a) and 3(b) are due to nonlinearities present in the TAC and do not represent irradiance fluctuation correlations. Figure 3(c) shows the data taken for a two mode laser but corrected for the TAC nonlinearities. The data were obtained by accumulation of 20,000 TAC conversions per channel from the two mode laser, and then subsequent accumulations of conversions in the PHA subtract mode from a single mode laser. 200 MHz/div.
The integral equation for λ() is solved by an iterative pro cedure, in which the measured quantity ξ() is taken as the zeroth order solution for λ(). The contribution of the integrals on the right-hand side of Eq. (3) is of the order 10 -3 for the values of R and (ω 2 -ω 1 ) used in the experiment. The dark current cor rection factors were very nearly 1, since the photodetectors were cooled to a sufficiently low temperature that their dark current counting rates were less than 50 counts/sec. Under the above conditions, λ() ≃ ξ().
The results of the measurements on the laser oscillating in two independent axial modes yield the following for ξ():ξ() = 0.13 cos2π3.70 × 10 8  corresponding to an average period of 27 channels.
The theoretically expected behavior of λ() is given by
For the laser investigated, ω 2 -ω 1 = 2π 3.70 × 10 8 Hz, D < 1 × 10 6 sec -1 , and the mode amplitudes differed by at most 20%. The difference in mode amplitudes reduced λ( = 0) to a maxi mum theoretical value of 0.49. Instead, the discrepancy be tween the observed maximum value of ξ() and the maximum excess rate at which conversions are stored in any one channel of the analyzer is mainly due to the time slewing of the photodetectors, pulse amplifiers and discriminators. Measurements of the finite resolution time of the photon counting system yielded a value of 0.68 × 10 -9 seconds. Finally we verified that the effect of the spread in transit time of the photoelectrons is in fact of such magnitude as to be responsible for the observed re duction of the theoretical cosine modulation index by assuming a gaussian system function and its convolution with ξ() (Ref. 7.) .
The results of these measurements of the irradiance auto correlation function in the time domain are in good agreement with comparable measurements in the frequency domain and also with conditional counting probability measurements of Arecchi et al. 8 Frequency analysis of the fluctuating component of a photodetector analog signal yielded a value of 380.45 MHz for the frequency separation between the two axial modes. The period of oscillation of the component of the irradiance auto-correlation function due to the correlated irradiance fluctuations yielded a value of 370 MHz ± 15 MHz for the frequency separation be tween the two axial modes. The accuracy is limited by the time resolution of the Ortec model 437A TAC, which is 10p sec on the 50n sec conversion range. Measurements of the mode linewidth with the use of a spectrum analyzer yielded a value of the phase diffusion constant, D < 10 6 sec -1 ; this is consistent with the negligible decrease in the depth of modulation observed for  values up to about 40 × 10 -9 sec.
While measurements of irradiaDce correlation functions can, in principle, be used to determine the mode structure and degree of phase locking of a laser beam, the complexity of the correlation functions limits the usefulness of this technique to cases where the mode structure is simple (less than four modes present in the beam). Also the maximum value of the axial mode separation frequency that can be resolved effectively is about 1 GHz equiv alent to a period of 9 PHA channels.
However, irradiance correlation function measurements can be successfully made on weak optical fields, whereas considerable difficulty is encountered in the performance of equivalent mea surements on weak fields with frequency analysis techniques. The measurements described were performed on an optical field of mean irradiance of the order of 10 -12 W. These techniques are now being applied to analyze weak fields produced by optical nonlinear processes.
